The distributions of flow topologies within the flames representing the corrugated flamelets, thin reaction zones and broken reaction zones regimes of premixed turbulent combustion were investigated using direct numerical simulation (DNS) data of statistically planar turbulent H2-air flames with equivalence ratio = 0.7. It was found that the diminishing influence of dilatation rate with increasing Karlovitz number has significant influences on the statistical behaviours of the first, second and third invariants (i.e. , and ) of the velocity gradient tensor. These differences are reflected in the distributions of the flow topologies within the flames considered in this analysis. This has important consequences for those topologies which make dominant contributions to the scalar-turbulence interaction and vortex-stretching terms in the scalar dissipation rate and enstrophy transport equations respectively. Detailed physical explanations were provided for the observed regime dependences of the flow topologies and their implications on the scalar dissipation rate and enstrophy transport.
I. INTRODUCTION
Turbulent flow fields often exhibit organised flow topologies in spite of their apparent chaotic nature. Perry and Chong [1] and Chong et al. [2] assigned all possible local small-scale threedimensional flow topologies to 8 categories based on the invariants, , and of the velocitygradient tensor, = / , where is the i th component of velocity vector. The topologies, denoted S1 − S8, distinguish 8 regions in the three-dimensional − − phase space, as described in Fig. 1 . Several previous studies [3] [4] [5] [6] [7] [8] analysed the flow properties in the − plane for incompressible fluids (i.e. = −∇ • ⃗ = 0). For compressible flows ( ≠ 0), however, one needs to account for − − space [9] [10] [11] . The analyses of topologies in nonreacting compressible flow turbulence have indicated that the unstable node/saddle/saddle and stable focal/stretching topologies in the − plane dominate over other topologies.
In comparison to the large body of literature on local flow topologies in non-reacting turbulent flows, relatively little attention has been paid to their analysis in turbulent reacting flows [13] [14] [15] [16] . Tanahashi et al. [13] used to distinguish strain-dominated and vorticity-dominated regions in a premixed flame, and concluded that the vorticity vector remains perpendicular to the flame normal vector and that small-scale turbulence can survive even beyond the flamefront. Grout et al. [14] analysed the local flow topology of a non-premixed jet in cross-flow, and reported that the highest heat release rates of the flame are associated with the regions with S8 topology. Recently, Cifuentes and coworkers [15, 16] analysed the topology distribution in a premixed turbulent flame based on a simple chemistry direct numerical simulations (DNS) database representing the flamelet combustion and demonstrated that the probability of finding focal (i.e. vortical) topologies decreases from the unburned gas side to the burned gas side.
However, the differences in flow topology distribution within the flame for different regimes of premixed turbulent combustion are yet to be analysed in the existing literature. These differences have important consequences on the scalar-turbulence interaction and vortexstretching terms in the scalar dissipation rate (SDR) and enstrophy transport equations, respectively [17, 18] . Thus, the main objectives of this paper are (a) to identify the differences in the distribution of flow topologies in turbulent premixed flames representing different regimes of combustion; and (b) to indicate the implications of the differences in topology distributions on the scalar-turbulence interaction and vortex-stretching terms.
A three-dimensional DNS database of statistically planar turbulent premixed H2-air flames with equivalence ratio = 0.7 [19] has been considered spanning different regimes of premixed combustion. The rest of the paper will be organised as follows. The mathematical background and numerical implementation pertaining to the current analysis will be presented in the next section. This will be followed by presentation of results and their subsequent discussion.
Finally, the main findings will be summarised and conclusions will be drawn in the final section of this paper.
II. MATHEMATICAL BACKGROUND & NUMERICAL IMPLEMENTATION
Premixed combustion is often characterised using the non-dimensional temperature, = ( − 0 )/( − 0 ) which increases from zero to unity from unburned to burned gases, where , 0 and are the dimensional, unburned gas and the adiabatic flame temperature, respectively.
The local flow topologies can be characterised by the invariants of the velocity-gradient tensor = 0 divides the − − phase-space into two regions: for > 0 ( < 0), displays a focal (nodal) topology [1, 2] . The velocity gradient tensor shows one real eigenvalue and two complex conjugate eigenvalues for focal topologies. By contrast, the velocity gradient tensor exhibits three real eigenvalues for nodal topologies. The surface = 0 gives rise to two subsets 1 and 1 in − − phase space which are given by [1, 2] : 1 = ( − 2 2 /9)/3 − 2(−3 + 2 ) 3 2 ⁄ /27 and 1 = ( − 2 2 /9)/3 + 2(−3 + 2 ) 3 2 ⁄ /27. In the region > 0, has purely imaginary eigenvalues on the surface 2 , which are given by = . The surfaces 1 , 1 and 2 , where 2 is described by − = 0, divide the − − phase space into 8 flow topologies, as shown in Fig. 1 .
A three-dimensional DNS [19] database of freely-propagating statistically planar turbulent H2-air premixed flames with = 0.7, employing a detailed chemical mechanism [20] with 9 species and 19 chemical reactions, is considered here. An equivalence ratio of 0.7 is chosen because H2-air mixture for this equivalence ratio is known to be thermo-diffusively neutral [21] , such that the additional effects of preferential diffusion are eliminated. The unburned gas temperature 0 is taken to be 300K, which yields an unstrained laminar burning velocity = 135.6 cm/s under atmospheric pressure. The DNS code solves fully compressible NavierStokes equations where spatial discretisation is carried out by an 8 th order central difference scheme for internal grid points and the order of differentiation gradually decreases to a onesided 4 th order scheme [19] . A fourth order Runge-Kutta scheme is used for explicit time marching [19] . The flame is initialised by a 1D steady initially planar laminar flame profile [22] . A pre-computed auxiliary divergence free, homogeneous, isotropic turbulence field is generated using a pseudo-spectral method [23] following Passot-Pouquet spectrum [24] , and is injected through the inlet. The mean inlet velocity has been changed gradually to match turbulent flame speed as the simulation progresses. In order to assess the extent to which the flames in this study can be qualified as statistically stationary, the temporal evolution of flame area has been monitored and the flame is considered to be statistically stationary when the flame area no longer varies with time. Turbulent inflow and outflow boundaries are taken in the direction of mean flame propagation and transverse boundaries are taken to be periodic.
The non-periodic boundaries are specified using an improved Navier Stokes characteristic boundary conditions (NSCBC) technique [25] .
The inflow values of normalised root-mean-square turbulent velocity fluctuation Table 1 where 0 is the unburned gas viscosity, ℎ = ( − 0 )/ max|∇ | is the thermal flame thickness and the subscript 'L' is used to refer to unstrained laminar flame quantities. The turbulent length scale is the most energetic scale of the Passot-Pouquet spectrum. The cases investigated in this study are nominally representative of three regimes of combustion: case A: corrugated flamelets ( < 1), case B: thin reaction zones (1 < < 100) and case C: broken reaction zones regime ( > 100) [26] . It is worth noting from Table 1 Table 1 ). = / ′) for cases A-C respectively, and this simulation time remains comparable to several previous analyses [15, 16, [27] [28] [29] .
III. RESULTS & DISCUSSION
Selected regions of instantaneous non-dimensional temperature , normalised first invariant * = × ( ℎ ⁄ ), second invariant, * = × ( ℎ ⁄ ) 2 , and third invariant * = × ( ℎ ⁄ ) 3 fields when the statistics were extracted are shown in Fig. 2 . Karlovitz number (i.e. > 100). This is consistent with several previous DNS findings [30] [31] [32] [33] . The above discussion suggests that distinctly different physical mechanisms are likely to govern the behaviour of invariants in the three cases considered. It is also important to note from Table 1 that the values of , and change from one case to another here and is not modified in isolation. Thus, the alternations of and in addition to the modification of , play a significant role in the differences in behaviour of the invariants and their components between cases A to C. The expression for contained in equation 1 may be rewritten as the sum of the terms which play roles in dissipation rate generation (−S ij S jk S ki /3) and enstrophy production (PQ w − ω i S ij ω j /4) in the following manner:
Hence, R * may assume high positive or negative values where there is an imbalance of the terms contributing to dissipation rate generation and production of enstrophy. It is evident from Fig. 2 that, in case A, this imbalance is most pronounced in the vicinity of the flame front, whereas in both cases B and C it is evident throughout the entire unburnt gas region. In all three cases the magnitude of R * is negligible in most of the burnt gas region. Furthermore, in case A, the non-negligible values of R * retain the same sign along most of the flame front shown here, whereas, in cases B and C, both positive and negative values of R * co-exist in the unburnt gas region and within the flame front. while ( − /4) contributes to the enstrophy production rate [6, 16] . Thus, > 0
indicates that the enstrophy production rate dominates over the dissipation rate generation and vice versa [6, 16] . The contributions of ( − /4) and appear to balance across the flame-front in cases A and B (see Fig. 5 ). In both cases the mean value of attains its maximum value, whereas the mean value of attains its minimum value, at ≈ 0.25. In case C, the mean value of is largely balanced by the mean contribution of − /4 , which are both an order of magnitude greater than the mean values of and . The mean value of attains its maximum value at ≈ 0.0, but also a local maximum is obtained at moving from the unburnt to the burnt gas region. Such trends diminish from case A to case C such that each topology is more uniformly distributed across in case C. In particular, for case C, the S8 nodal topology disappears entirely. The S8 topology is associated with high positive values of dilatation rate (∇ • ⃗ = − ≫ 0) and thus its probability decreases for case C due to weakening of dilatation rate. Figure 8d compares the distributions of volume fraction of total combined focal (i.e. S1,S4,S5,S7) and nodal (i.e. S2,S3,S6,S8) topologies between cases A-C. For case A nodal topologies are dominant in the unburnt gas region and focal topologies in the burnt gas region.
This contrasts the previous simple chemistry analyses [15, 16] which showed that of focal topologies decreases from the unburned gas to the burned gas side. The heat release parameter = ( − 0 )/ 0 for cases A-C is greater than that used in Refs. [15, 16] (6 as opposed to 4) and thus the flame-induced turbulence is stronger in these cases than in the cases analysed in
Refs. [15, 16] , where of vortical (focal) topologies decayed across the flame. 2 The strength of vortical structures within the flame-front increases within the flame due to flame-induced turbulence in case A, which is reflected in the increase in of focal (i.e. vortical) topologies within the flame. In case C, the flame does not significantly influence the background turbulent flow field and the focal topologies remain dominant across the entire flame-front.
The statistics of flame curvature plays a key role in order to understand the interrelation between the distributions of the flow and flame topologies. The topology of a isosurface can be described in terms of its mean and Gauss curvatures, and , respectively following Doppazo et al. [7] , where
) and = 1 2 , in which 1 and 2 are the principal curvatures [7, 16] . In the − plane, the region > 2 indicates complex curvatures and thus is non-physical. Moreover, positive (i.e. > 0)
curvature is associated with the wrinkles which are convex to the reactants, whereas negative (i.e. < 0) curvature represents wrinkles which are concave to the reactants (see Fig. 2 ). The realisable part of > 0 ( < 0) and > 0 represents cup convex (cup concave) flame topology. By contrast, > 0 ( < 0) and < 0 represents saddle convex (saddle concave) flame topology. The combination of > 0 ( < 0) and = 0 represents tile convex (tile concave) flame topology. Figure 9 shows a scatter plot of the mean versus
Gaussian curvature for cases A-C conditional on one representative focal (S7) and one nodal tpology (S3). The plots in Fig. 9 are coloured to highlight the highest concentrations of data points. It is apparent from Fig. 9 that the distribution of topologies S3 and S7 favour , > 0 ( < 0 and > 0) for case A (for case C) whereas case B shows a more symmetric distribution. A similar trend is observed for topologies S1, S2 and S8. Topology S4 is more symmetric and for topologies S5-6 there were insufficient data. These results do not reveal any consistent trend between flow and flame topologies based on these results, and a more detailed analysis is needed in this respect. In case A, S2 and S7 remain major contributors of Λ, closely followed by S4 and S8, whereas S8 is the primary contributor in case B, followed, in order, by S7, S2, S4, S1 and S3. The absence of contributions of S1 and S3 in case A is due to the scarcity of the corresponding samples at low values of (see Fig. 8a ). Although case C also displays peak 3 The components of Λ and conditional on topology have not been shown because they deterministically show similar behaviour. For example, the mean values of ( )∇ • ∇ and 2( cos 2 ′)Ω conditional on each topology will exhibit positive values due to positive value of .
By the same token, the mean values of ( cos 2 )∇ • ∇ and 2( cos 2 ′)Ω conditional on topology will deterministically exhibit negative values for all cases. The magnitudes of these conditional mean values are expected to be different from one case to another because the strain rate magnitude will depend on ′ / and / ℎ . mean values of Λ for low , the behaviour of the topologies is vastly different: mean contributions for S1-S7 are mostly negative, with the exception of S8. The peak magnitude of the negative mean value of Λ is obtained for S2 at ≈ 0.15. Non-negligible contribution is obtained from S5, although the sample size remains small (see Fig. 8c ).
A preferential alignment between ∇ and ( ), characterised by high probability of . Thus, the focal topologies associated with positive (see Fig. 1 : S1, 4, 7) contribute more to than the nodal topologies S2,3,8. The topologies S4 and S7 are associated with the vortexstretching (see Fig. 1 ), and thus they exhibit high positive mean contribution of in case C.
In the absence of significant flame-induced turbulence, Ω decreases within the flame in case C and the peak mean value of is obtained at the unburned gas (i.e. ≈ 0.0) side of the flame front.
IV. CONCLUSIONS
The 
